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The room-temperature magnetic properties and magnetization reversal process of ordered (FePt) 1Ϫx C x thin films, prepared by a cosputtering technique on MgO ͑100͒ substrates held at 400°C substrate temperature, have been studied. Perpendicular magnetic anisotropy was obtained for the films with carbon concentrations up to 25 vol % and coercivity enhancement was observed with small carbon-doped FePt thin films. A clear spin-reorientation transition from perpendicular to the in-plane direction was observed with an increase in carbon concentration. The observed magnetic properties are intercorrelated to microstructural changes that occur as a function of the carbon doping. Recently there has been much attention given to the increase of areal density of perpendicular magnetic recording where significant changes are required in the thin film media materials and growth processes. Perpendicular magnetic recording media designs require 1-4 high perpendicular anisotropy (K u ) energy to resist the large demagnetization effects from the perpendicular recording geometry and to maintain thermal stability with ever-smaller grain volumes. The thermal stability is dependent on the factor K u V/k B T, where V denotes the grain volume. Clearly, the reduction in grain volume required for noise reduction can be balanced by an increase in anisotropy, as long as the coercivity of the medium remains within the tolerable limit. As a result, it is essential to consider high anisotropy materials such as FePt and CoPt. L1 0 ordered equiatomic FePt alloy thin films 5 have high saturation magnetization ͑ϳ1100 emu/cm 3 ͒ and large K u (Ͼ5ϫ10 7 erg/cm 3 ). Therefore, they are attractive for magnetic, magneto-optic recording media, and high-energy permanent magnets. In general, these materials are transformed from a disordered face-centered-cubic ͑fcc͒ structure into an ordered face-centered-tetragonal ͑fct͒ structure via postannealing 6 and/or depositing at elevated substrate temperature 7 due to thermal enhancement of the atomic mobility. Recent studies 7, 8 of microstructural properties of FePt thin films and FePt nanoparticle assemblies reveal that the magnetic grains are interconnected to some degree, i.e., the grains are magnetically coupled to each other and the reduction of interparticle distances with an increase in substrate/ annealing temperature results in a dramatic change in interparticle interactions.
On the other hand, ultrahigh-density magnetic recording media impose the need for a material which consists of magnetically isolated grains with size less than 10 nm. The requirement of very small grains and reduced exchange coupling among grains can be fulfilled by growing the magnetic nanoparticles in a nonmagnetic matrix. Recently, much research work has been done on FePt films with different nonmagnetic matrices ͑W, 17 Previous studies showed that of all these particles, only those prepared in B 2 O 3 and carbon matrices have shown strong perpendicular anisotropy and fine grain size down to 4 nm, which suggests these nanocomposite films are very promising and may lead to the realization of a magnetic medium capable of recording densities beyond 1 Tb/in. 2 . However, a detailed investigation of the magnetic properties of the carbon-doped FePt system is still lacking. So, in this letter, the effect of carbon doping on the magnetic properties of FePt nanoparticles, prepared 17 by dc magnetron cosputtering directly on MgO ͑100͒ substrates held at 400°C substrate temperature, is investigated.
(FePt) 1Ϫx C x films 50 nm thick were prepared directly on MgO ͑100͒ substrates using dc magnetron cosputtering of composite FePt and C targets with a base pressure of better than 8ϫ10 Ϫ7 Torr and sputtering Ar gas pressure of 5 mTorr. A composite FePt target was made by putting some Pt ͑99.99% purity͒ chips on the Fe target ͑99.99% purity͒. The samples were prepared at constant substrate temperature of 400°C and had various amounts of carbon doping up to 50%. The crystal structure and microstructure of the films were characterized by x-ray diffractometry ͑XRD͒ and transmission electron microscopy ͑TEM͒. Room-temperature magnetic characterizations were carried out using a vibrating sample magnetometer ͑VSM͒ with an field of up to Ϯ20 kOe applied, a superconducting quantum interference device ͑SQUID͒ magnetometer with applied field of up to Ϯ60 kOe and a torque magnetometer with applied field of 10 kOe. The M -H loops were measured with the field applied normal to the film plane. Figure 1 shows the texture development and degree of L1 0 chemical ordering of the FePt and (FePt) 1Ϫx C x films by examining the trends in the ͑001͒/͑002͒ and ͑002͒/͑200͒ XRD peak intensity ratios as a function of the carbon doping. The ratio of the ͑001͒ superlattice peak to the ͑002͒ fundamental peak is an indication of the degree of chemical ordering in FePt, i.e., the periodic layer-by-layer arrangement of Fe and Pt atoms. The ͑001͒/͑002͒ peak intensity ratio in Fig.  1 shows that increasing the volume fraction of carbon more than 20 vol % decreases chemical ordering of the FePt, whereas the small amount of carbon doping shows slight enhancement in the chemical ordering and preserves the pera͒ Electronic mail: scshin@kaist.ac.kr APPLIED PHYSICS LETTERS VOLUME 83, NUMBER 16 20 OCTOBER 2003 pendicular magnetic anisotropy. Moreover, the gradient of the ͑002͒/͑200͒ peak intensity ratio with an increase in carbon doping suggests that the amount of ordered and disordered FePt phase can be controlled systematically by carbon doping.
The trends revealed in the XRD data were closely correlated with the magnetic measurements. Figure 2 shows torque curves measured under an applied magnetic field of 10 kOe for FePt and (FePt) 1Ϫx C x thin films. The easy axis orientation and the effective magnetic anisotropy energy were determined 18 from the torque curves measured. The easy axis of the (FePt) 1Ϫx C x samples is found to be normal to the film plane with carbon concentration up to 25 vol %, whereas the 50 vol % carbon-doped sample shows the easy axis parallel to the film plane. It is interesting to note that unlike other substitutions ͑e.g., of W, 9 14 Cr-Ru, 15 and B 2 O 3 ) 16 into FePt, the carbon-doped FePt thin films show a clear spinreorientation transition ͑SRT͒ from perpendicular magnetic anisotropy to in-plane magnetic anisotropy as a function of the carbon doping. The determined value of magnetic anisotropy energy decreases from 2.82ϫ10 7 erg/cm 3 for the pure FePt system to 1.08ϫ10 7 erg/cm 3 for the (FePt) 75 C 25 thin film. Figures 3͑a͒ and 3͑b͒ show the saturation magnetization and M -H hysteresis loops of (FePt) 1Ϫx C x thin films, respectively. The saturation magnetization of the films decreases in proportion to the carbon volume fraction up to 25 vol % and then decreases rapidly to almost a constant value above 25 vol %. After normalization by the volume fraction of FePt, the saturation magnetization of the FePt phase in the (FePt) 1Ϫx C x nanocomposites is about 900 emu/cm 3 , which is less than the saturation magnetization of the FePt single layer film. The decrease in saturation magnetization could be caused not only by surface effects, but also by a small amount of carbon substitution in the FePt phase. Moreover, the room-temperature electrical transport measurement reveals that there is a one order of magnitude change in electrical resistance between 25% C ͑20 ⍀͒ and 33% C ͑330 ⍀͒ doping, which provides evidence of a phase boundary or solubility limit with 25% carbon in the present system. The M -H hysteresis loops show remanence close to 100% of the saturation magnetization for FePt films and it decreases to 62% of its saturation magnetization for 50 vol % carbondoped films. This is close to the remanence value of 50% of saturation magnetization expected for noninteracting randomly oriented uniaxial grains. 19 As shown in Fig. 4 , the coercivity is found to increase initially and then to decrease with an increase in carbon content. The observed variation in coercivity as a function of the carbon doping shows a similar trend to the degree of chemical ordering ͓͑001͒/͑002͔͒ shown in Fig. 1 . It is, however, interesting to find the actual reason for this variation of coercivity with the carbon doping.
Although the coercivity variation and degree of chemical ordering show a similar trend in the present system, it is generally suggested 20 that the observed coercivity is not affected directly by the ordered volume fraction, but by a mi- crostructural factor that is related to the ordered volume fraction, one that scales similarly. Defects in magnetic materials, such as grain boundaries and phase boundaries, can form pinning sites that impede the domain walls and obviously lead to higher coercivity. In L1 0 ordered FePt thin films, the magnetic easy axis corresponds to the tetragonal c axis and thus boundaries between the adjacent c axis variants are expected to be effective pinning sites because of the 90°change in the magnetic easy axis at the boundary. In addition to these, the boundaries between the ordered and disordered regions might also represent domain-wall pinning sites, i.e., the presence of a finely dispersed mixture of ordered and disordered phases is responsible for the high coercivity, with pinning of the magnetic domain walls due to the short range coherency strain between the cubic disordered phase and the tetragonal ordered phase as the proposed mechanism. 21 In the present case, the small amount of carbon doping shows almost no change in the XRD peak positions, indicating that the preferred ͑perpendicular͒ orientation is not destroyed. So, the initial increment in the coercivity for a small amount of carbon doping can be explained by diminution in the growth of the particle size, evidenced from TEM and XRD studies, as shown in Fig. 4 and thus represents a higher pinning density for the magnetic domain walls, leading to the increase in coercivity. On the other hand, the intensity of the FePt fct ͑001͒ peak drops and the FePt fct ͑002͒ peak shift towards lower angles with an increase in carbon concentration indicate that the texture of the fct FePt phase has been changed slightly. This change in peak position may result from defects and/or dislocations formed by the additional carbon doping. The dimensions of the defects are possibly larger ͑smaller͒ than that of the domain-wall thickness with higher ͑smaller͒ amounts of carbon doping, and thus a relatively higher ͑smaller͒ localized demagnetization field will be induced at these locations. In other words, the defects introduced by the carbon doping serve as pinning sites in smaller amount ͑Ͻ20 vol%͒ carbon-doped films and as nucleation sites in the higher amount ͑Ͼ20 vol%͒ of carbon-doped films. Subsequently, the reverse domain would nucleate at these locations and the measured coercivity is expected to be smaller than ͑see Fig. 4͒ that of the (FePt) 90 C 10 films.
In summary, we have investigated the magnetic properties of (FePt) 1Ϫx C x nanocomposite thin films. Coercivity enhancement was observed initially and then decreased with an increase in carbon concentration. These nanocomposite thin films show a clear spin-reorientation transition from perpendicular magnetic anisotropy to in-plane magnetic anisotropy. FIG. 4 . ͑᭹͒ Carbon doping dependent coercivity and particle size ͓obtained from both ͑ࡗ͒ XRD and ͑᭡͒ TEM micrographs͔ of the (FePt) 1Ϫx C x films prepared at 400°C substrate temperature with various amounts of carbon doping. Inset: TEM micrographs ͑left͒ of pure FePt film and ͑right͒ of (FePt) 50 C 50 thin film. The horizontal bar scale is 20 nm in the TEM micrograph.
